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Abstract Pollen development requires both sporo- 
phytic and gametophytic gene expression. We are using 
a map-based cloning technique to isolate sporophytic 
genes which, when mutant, cause pollen abortion and 
a male sterile (ms) phenotype in tomato (Lycopersicon 
esculentum). We have genetically characterized one ms 
locus (ms14) using RFLP analysis and identified flank- 
ing markers. High-resolution genomic physical map- 
ping indicates that the ms14 locus is located m 
a ~300 kb region. We have identified a YAC clone 
with an insert size of ,,-610 kb that contains the msl4- 
linked markers, reflects the organization of the physical 
map and therefore most probably contains the msl4 
gene. In addition, we present evidence that the relation- 
ship between physical and genetic distance in this 
chromosomal region changes abruptly from ,-~ 105-140 
kb/cM to less than 24kb/cM, and suggest that 
the TG393-TG104 region is a hotspot for recombi- 
nation. 
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Introduction 

Pollen development in higher plants is a complex pro- 
cess that requires the coordination of gene expression 
in both the sporophytic and gametophytic tissues of the 
anther (reviewed in McCormick 1993). Mutations in 
male sterile (ms) loci result in aborted pollen and gener- 
ally require the homozygous recessive condition in 
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order to exhibit the phenotype. This suggests that these 
genes act in the sporophytic tissues of the anther but 
affect the developing microspores (gametophytes). 
Male sterile genes might be expressed before or during 
meiosis in the sporophytic pollen mother cell or in the 
tapetum or other sporophytic cells of the anther. We 
hope to develop an understanding of the sporophytic 
contribution to pollen development by studying the 
products of male sterile loci. 

Current biochemical and molecular information do 
not provide a clear picture of the mechanism(s) of 
nuclearly encoded male sterility. Although three genes 
have been isolated that produce a male sterile pheno- 
type when mutant, their gene products do not provide 
obvious clues to the roles that these genes play during 
pollen development. For example, Moffatt and Somer- 
ville (1988) isolated an adenine phosphoribosyl trans- 
ferase (aprt-) Arabidopsis mutant, but how a lesion in 
a nucleic acid salvage pathway disrupts pollen develop- 
ment is unclear. The ms2 gene from Arabidopsis (Aarts 
et al. 1993) contains a small region homologous to 
a wheat mitochrondrial ORF, but no function has been 
ascribed to this mitochondrial region or to the gene 
product of the ms2 gene. In maize, a male sterile gene 
designated Ms45 (M. Albertsen, personal communica- 
tion) was cloned (Albertsen et al. 1993) that showed 
33% homology over 256 amino acids with strictosidine 
synthase. Although the action of strictosidine synthase 
in the indole alkaloid pathway is understood, it is not 
clear whether or how indole sythesis might be involved 
in pollen development. These examples serve to illus- 
trate the complexities of male gametophyte develop- 
ment and, therefore, it will probably be necessary to 
isolate and characterize a large number of male sterile 
gene products before we can develop a comprehensive 
understanding of the sporophytic contribution(s) to 
pollen development. In tomato (Lycopersicon escuIen- 
turn), more than 40 spontaneous ms loci have been 
identified (summarized in Kaul 1988). We have targeted 
for isolation one of these male sterile genes, ms14; in 
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msl4 mutants pollen development is blocked after the 
first microspore mitosis (Rick 1948). 

Although the time of phenotypic arrest is known for 
most of the tomato ms mutants, the function of the 
corresponding genes is unknown and no biochemical 
assays exist for their gene products. Map-based cloning 
in tomato is a workable strategy for isolation of these 
genes since the technique requires only that the target 
gene have a clear phenotype and that its position on 
a genetic map be known. Map-based cloning has been 
used successfully to isolate target genes from Arabido- 
psis (Giraudat et al. 1992; Arondel et al. 1992; Bent et al. 
1994; Putterill et al. 1995) and tomato (Martin et al. 
1993a). This technique involves identifying markers 
closely linked to the target locus, determining the phys- 
ical/genetic relationship (kb/cM) in the target region, 
isolating clones that contain the locus from a large 
insert library and confirming the locus identity by com- 
plementation of the recessive phenotype with the domi- 
nant allele, ms14 is an attractive candidate for map- 
based cloning because it is located on the classical map 
of chromosome 11 close to the 12 gene; I2 is linked to 
TG105 on the RFLP map of chromosome 11 
(Sarfatti et at. 1989). 

Of the steps involved in positional cloning, con- 
structing and integrating detailed genetic and physical 
maps for the region of interest are arguably the most 
important. Although a chromosome walk can be in- 
itiated after identification of closely linked genetic 
markers, establishing the relationship between physical 
and genetic distance for the locus of interest can help 
predict the feasibility of the walk. The values for the 
average physical/genetic distance in tomato range from 
~750 kb/cM (Tanksley et al. 1992) to ~900 kb/cM 

(Patterson and Wing 1993). However, specific chromo- 
somal regions are known to diverge widely from these 
averages; for example, values from ~4-16 Mb/cM 
have been reported for the region at the Tm2a locus 
(chromosome 9; Ganal et al. 1989b),while 43 kb/cM 
was determined for a region that is centromere distal to 
the I2 locus (chromosome 11; Segal et al. 1992). Until 
recently it was not known whether this variation occur- 
red gradually over some distance or changed rapidly 
between adjacent chromosomal regions. Civardi et al. 
(1994) presented evidence for rapid change in a small 
chromosomal region using the maize al and sh2 loci. 
They found that the region between these loci had 
a physical/genetic relationship of 1560 kb/cM, while 
the value for a i kb interval within the al  gene was only 
217 kb/cM. These results suggest that the genome may 
be punctuated with areas of increased recombination 
that lead to abrupt changes in the physical/genetic 
relationship. 

In this paper we present genetic and physical map- 
ping data indicating that ms14 lies within a 300 kb 
region defined by the RFLP markers CT120A and 
TG393. Using these markers, we provide molecular 
evidence indicating that a 610kb YAC clone of 

genomic DNA harbors the ms14 locus. We also show 
that the physical/genetic relationship in the chromo- 
somal region containing the ms14-1inked markers cha- 
nges abruptly and suggest that the TG393-TG104 
region is a hotspot for recombination. 

Materials and methods 

Plant materials 

The ms14 mutation (Rick 1948) was identified as a spontaneous 
mutant in the L. esculentum cultivar Earliana. To generate mapping 
populations for the male sterile mutant, the ms/ms plants were 
identified in a ms~ms x Ms~ms segregating population and used as 
female parents in a cross with L. pennellii (LA716, a self-compatible 
accession). Crosses between L. esculentum and L. pennellii succeed 
only when L. pennellii serves as the male parent. The F1 progeny are 
fertile, but there are fertility problems with the F2 of such inter- 
species crosses (C. M. Rick, personal communication), making it 
difficult to score accurately for the presence of ms genes. To circum- 
vent this problem, we generated a backcross mapping population by 
crossing F1 plants (Ms/ms) as male parents to ms~ms L. esculentum 
females. Such interspecific backcross progeny have no problems 
with fertility and are only male sterile if they are genetically ms~ms at 
a male sterile locus. Backcross progeny were scored for fertility after 
squashing the anthers from a flower in a microtiter well that con- 
tained 100 gl of pollen germination medium (Jahnen et al. 1989) and 
examining the anther contents under a dissecting microscope. Wild- 
type pollen appeared round with a diameter of ~25-30 gm but 
msl4 pollen had a diameter of only ~10 gm. The plants segregated 
1:1 for male sterility and each male sterile plant was rescored 
multiple times on subsequent dates. Using a pooled-DNA sample 
technique (Churchill et al. 1993), recombinant plants were identified 
in the mapping population of 220 male sterile plants. 

Molecular probes and recombinant DNA methodology 

Enzyme survey blots (ESB; Bernatzky and Tanksley 1986) were 
prepared from DNA extracted (Bernatzky and Tanksley 1986) from 
L. esculentum cv. VF36 and L. pennellii (LA 716) for analysis of 
polymorphism. Standard gel electrophoresis was conducted using 
1% agarose, 250 ng/ml ethidium bromide, 1 x TAE gels. DNA was 
transferred from the gels to Nytran membranes (Schleicher and 
Schuell) as described by Southern (1975). 

Chromosome 11 RFLP clones (Tanksley et al. 1992) were ob- 
tained from S. D. Tanksley (Cornell University). RFLP inserts were 
sequenced with Sequenase (USB) using the forward or reverse 
primers from the vector. The partial sequences have been deposited 
in Genbank. Appropriate PCR primers were designed and amplifi- 
cation reactions of the inserts carried out using 100 mM dNTP, 
1 unit Taq polymerase, 10 mM DTT, 50 mM KCI, 10 mM TRIS- 
HCI (pH 8.3), 1.5mM MgC12, 0.01% Tween-20, 0.01% NP-40, 
20pmol of each primer and 1 Itl (~10 ng of clone or 50 ng of 
genomic miniprep) DNA. Reaction conditions were 3 min at 95 °, 
then 35 cycles of 1 rain at-94 °, 1 min at 58 ° and 1 rain at 72 °. PCR 
products were separated on 1.5% agarose gels, bands isolated and 
DNA recovered using Geneclean (Bio 101) or Qiaex (Qiagen). RFLP 
marker inserts were labeled with [a-32p]dATP using the method of 
Feinberg and Vogetstein (1984). 

Pulsed field gel electrophoresis 

The second, third and fourth sets of leaves from 10-15 cm tall L. 
esculentum (cv. VF36) plants were used to prepare protoplasts. DNA 
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was prepared for CHEF (clamped-contour homogeneous elec- 
trophoretic field) gels by encapsulating and lysing protoplasts in 
agarose (Ganal and Tanksley 1989a), cleaving with rare-cutter re- 
striction enzymes and separating the products on gels using a Bio- 
Rad CHEF DR-III Megabase DNA pulsed field electrophoresis 
system (Bio-Rad Laboratories). Initial CHEF gels were run under 
conditions which separated fragments ranging from 200 kb to 
2.2 Mb. Based on these results and the predictions for ensuing 
digests, subsequent separations were optimized for narrower separ- 
ation ranges (e.g. 50-500 kb, 500-1000 kb, 10004000 kb, etc.) in 
order to estimate band sizes more accurately. Gels were incubated in 
1 rag/rot ethidium bromide for 30 rain and the DNA nicked by 
exposure to 60 mJ of UV in a Stratalinker (Stratagene). DNA was 
transferred to Nytran membrane (Schleicher and Schuell) using the 
method of Southern (1975) and fixed to the membrane with 120 mJ 
of energy in a Stratalinker. To increase accuracy, some fragments 
(sized 50 kb or less) were also sized on 0.3% agarose gels using 
conventional electrophoresis. For sequential probings, blots were 
stripped of radioactivity by immersion in boiling 0.1 x SSPE, 0.5% 
SDS for 20 min. 

Pulsed field gel electrophoresis and hybridizations of YACs 

YAC inserts were sized using a Bio-Rad CHEF DR-III Megabase 
DNA pulsed field electrophoresis system (Bio-Rad Laboratories) 
optimized for 200 kb to 2.2 Mb separations. Briefly, cells of a single 
YAC clone were encapsulated in agarose plugs and incubated at 37 ° 
for 2.5 h in 1 M sorbitot, 20 mM EDTA, 14mM DTT, 10mM 
TRIS-HC1, pH 7.5 and 1 mg/ml zymolase. Plugs were transferred to 
1% lithium dodecyl sulfate, I00 mM EDTA, t0mM TRIS-HC1, 
pH 8.0 and lysed overnight at 37 °. Plugs were washed three times for 
30 min at 50 ° and for 30 min at room temperature prior to electro- 
phoresis. Sizes were estimated by compmison with a standard curve 
generated from the migration distances of Saccharomyces cerevisiae 
chromosomes and/or 2 DNA concatamer controls. 

Mapping gels were constructed by cleaving the agarose-encap- 
sulated DNA with 40 units of rare-cutter restriction enzyme in 
a total volume of 250 ~tl for t h and separating the products on 
CHEF gels containing 2 DNA concatamer controls. After electro- 
phoresis, gels were transferred and prepared for hybridization as 
described for genomic CHEFs. Membranes containing products 
from partial AatI, BssHII, EagI, FspI, MluI, NaeI, Nod, NruI, PvuI, 
SalI, SfiI, Sinai and XhoI digests were hybridized with probes 
specific to the left or right arms of the YAC vector and CT65, 
CT120A, TG393 and TG104. For sequential probings, blots were 
stripped of radioactivity by immersion in boiling 0.1 x SSPE, 0.5% 
SDS for 20 min. 

Results 

Genet ic  m a p p i n g  of msl4 

T h e  msl4  locus,  loca ted  a t  pos i t i on  88 on  the c h r o m o -  
s o m e  11 classical  m a p ,  was  m a p p e d  re la t ive  to  the  
anthocyanintess locus  (a, pos i t i on  68) and  the  hairless 
locus  (hl, pos i t ion  48) (C laybe rg  1970; T a n k s l e y  et al. 
t992; see Fig. i). Since the  p r o x i m a l  Ie gene ( located a t  
m a p  pos i t ion  85; Sarfa t t i  et  al. 1989) was  r e p o r t e d  to  be  
t ight ly  l inked to R F L P  TG105 ,  we res t r ic ted  l inkage  
analysis  to those  R F L P  m a r k e r s  loca ted  in the reg ion  
be tween  T G 1 0 5  and  the t e lomere  of c h r o m o s o m e  11. 
Single p lan t s  f r o m  a b a c k c r o s s e d  p o p u l a t i o n  were  
scored  for  R F L P s  TG26 ,  CT65,  CT120A,  T G 3 9 3 ,  
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Fig. 1 Interdigitation of classical and RFLP maps of chromosome 
11. The classical map positions of morphological markers are 
located on the left. The RFLP map is on the right and recombina- 
tion frequencies reported by Tanksley et al. (1992) appear next to 
a bar connecting selected RFLPs. The linkage relationships between 
the classical and RFLP maps as reported by Tanksley et al. (1992) 
are indicated by dotted lines 

T G 1 0 4  and  for  m a l e  sterility. Th is  initial  analys is  
p l aced  the  ms14 locus  be tween  R F L P s  C T 1 2 0 A  and  
T G 3 9 3 / T G 1 0 4 .  W e  then  used p o o l e d - s a m p l e  m a p p i n g  
(see Churchi l l  et al. 1993; G i o v a n n o n i  et al. 1995) on 
a b a c k c r o s s e d  p o p u l a t i o n  of  220 ma le  sterile p lan t s  to  
a s s e s s  genet ic  d is tances  be tween  the CT120A,  TG393 ,  
T G 1 0 4  and  ms14 loci. T a b l e  1 con ta ins  the r e c o m b i n a -  
t ion  f rac t ions  o b t a i n e d  for  these marke r s .  Poo l s  dis- 
p l ay ing  r e c o m b i n a t i o n  be tween  ms14 and  a R F L P  
m a r k e r  were  subjec ted  to single p l an t  analysis  and  the  
r e c o m b i n a n t  individual(s)  identified. W e  found  ms14 
to be  a b o u t  equ id i s tan t  be tween  C T 1 2 0 A  and  
TG393 .  C T 1 2 0 A  was  2.3 c M  f r o m  T G 3 9 3  and,  in this 
p o p u l a t i o n ,  T G 3 9 3  was  s e p a r a t e d  f rom T G 1 0 4  by  
~2 .3  cM.  

Creat ing physical  maps  of the rnsl4 region 

In  o rde r  to  de t e rmine  the  r e l a t ionsh ip  be tween  phys ica l  
and  genet ic  d i s tance  for  the  c h r o m o s o m a l  reg ion  con-  
t a in ing  the  msl4-t inked R F L P s ,  we cons t ruc t ed  phys -  
ical m a p s  for  these loci. T o  do  this, m e g a b a s e  sized 
D N A  was  i so la ted  f r o m  L. escuIentum (cv.VF36) p r o t o -  
plasts, cleaved with methylat ion-sensi t ive enzymes having 
a 6 -8  bp  recogn i t ion  sequence,  s e p a r a t e d  via  pulsed-  
field e lec t rophores i s  ( C H E F )  a n d  ana lysed  by  S o u t h e r n  



Table 1 Recombination fractions for markers linked to msl4 

Markers Recombination fraction 

CT120A-TG393 0.0227 _+ 0.0100 
TG393-TG104 0.0227 4- 0.0100 
CT120A-TG104 0.0363 + 0.0126 
CT12OA-msl4 0.0136 + 0.0078 
TG393-ms14 0.0181 _ 0.0090 
TGlO4-msl4 0.0363 _ 0.0126 
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Fig. 2A-C Hybridization of a tomato genomic CHEF gel blot with 
three ms14-1inked RFLP markers. Agarose-encapsulated high mo- 
lecular weight DNA was digested and separated on a CHEF gel 
optimized for separation in the 50(~1000 kb range, Southern blotted 
and sequentially probed with (A) CT120A, (B) TG393 and (C) 
TG104. Sizes of the hybridizing bands appear to the left 

blotting. To identify bands hybridizing to more than 
one RFLP marker (Fig. 2), RFLPs were sequentially 
hybridized to at least two blots prepared from indepen- 
dent gel runs of the same DNA preparation. 
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Figure 3A depicts the physical maps generated for 
the CT120A, TG393 and TG104 loci, using data ob- 
tained from single and double digests. We began by 
cleaving megabase sized DNA with the enzymes SalI, 
Ea9I, FspI, MluI and NruI. A single EagI band of 
275 kb was detected when this blot was hybridized 
sequentially with the RFLP markers TG26, CT120A, 
TG104 and TG393 (Fig. 2 and data not shown), sugges- 
ting that the distance between TG26 and TG104 was 
no more than 275 kb. This predicted a maximum value 
for the physical/genetic relationship of ~40 kb/cM for 
this region, a value similar to the 43 kb/cM found by 
Segal et al. (1992) for the chromosome 11 region distal 
to the I2 locus. However, double digests using the 
enzymes SaII, FspI, MluI, NaeI and NruI (data not 
shown) indicated the presence of three co-migrating 
EagI fragments, one carrying RFLP TG26, one 
carrying CT120A and one carrying both TG393 and 
TG104. 

To establish physical linkage between the maps for 
CT120A, TG393 and TG104, we identified enzymes 
generating larger fragments that hybridized with all 
three ms14-1inked RFLPs. Hybridization of the ms14- 
linked markers to high molecular weight DNA digested 
with BssHII generated a fragment of 950 kb, while SfiI 
generated a fragment of 790kb, suggesting that 
CT120A, TG393 and TG104 were located within 
a 790 kb region (Fig. 2 and data not shown). Digestion 
with BssHII or SfiI and additional rare-cutter enzymes 
(MluI, EagI, SaII, PvuI, NaeI, and XhoI), produced 
fragments whose combined molecular weights were less 
than those of the BssHII or SfiI fragments (Fig. 2 and 
data not shown). This result is consistent with the 
hypothesis that CT120A, TG393 and TGt04 are 
located within a 790 kb region. The physical map de- 
rived for this region is depicted in Fig. 3B. Using this 
map, we calculated a distance of ~26 kb between 
TG393 and TG104 and ~280 kb between CT120A 

Fig. 3A, B Physical maps of the 
tomato chromosome 11 region 
containing the ms14-1inked 
RFLP markers. A Maps 
constructed for individual 
RFLPs CT120A (1), TG393 (2) 
and TG104 (3). The RFLP 
marker is located within the 
region represented by a black 
bar. B Alignment of the three 
RFLP maps with respect to one 
another. The enzymes EagI (E), 
FspI (F), MluI (M), NaeI (N), 
NruI (R), SalI (S), and Sill (I) 
were used 
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and TG393. Comparison to the genetic map yields 
a value of ~12 kb/cM for the region between TG104 
and TG393 and of ~ 123 kb/cM for the region between 
CT120A and TG393. 

Using the maps for chromosome walking predictions 

The relatively short physical distance between the ms14 
flanking markers makes a chromosome walk to the 
ms14 locus feasible. We obtained a single YAC clone 
known to contain the TG104 marker from the Keygene 
(Wageningen, The Netherlands) tomato YAC library. 
This clone, YAC 2/279, contained an insert of 
~610 kb. We constructed a map for this clone after 

digesting YAC DNA with a total of 13 rare cutter 
enzymes (six are shown in Fig. 4) and hybridizing with 
the ms14-1inked markers. TG104 is located within 
75 kb of the right end of the YAC, TG393 was located 
at most 55 kb from TG104, and CT120A maps within 
an area 238-318 kb distant from the region containing 
TG393 (Fig. 4). These results are consistent with the 
genomic physical map generated for the CT120A, 
TG393 and TG104 chromosomal region. In addition, 
we found that the marker CT65 maps to a region 
~168-247 kb from CT120A and within ~24 kb of the 

left end of the YAC (Fig. 4). As further confirmation for 
these marker placements, we digested both YAC and 
genomic DNA with DraI, EcoRI, HaeIII, KpnI and 
XbaI, and hybridized the Southern blots with the four 
RFLP markers located on the YAC. We found no 
difference in size between the YAC and genomic frag- 
ments, supporting the conclusion that the YAC insert 
correctly reflects the genomic organization of these 
fragments (data not shown). 

The YAC map also confirms the estimates of the 
physical/genetic relationship between markers in this 
region. Depending on the placement of the markers 
within the hybridizing fragment, we obtain a value of 
105-140 kb/cM for the region containing ms14 and 
bounded by CT120A and TG393, in keeping with the 
estimate of ~123 kb/cM predicted from the genomic 
physical map analysis. The genomic physical map value 
of ~12 kb/cM for the TG393/TG104 region also fell 
within the range determined from the YAC map, where 

the maximum value was ,-~24 kb/cM. Hence the phys- 
ical/genetic relationship in this region is at least 4.4 
times less than that in the adjacent CT120A/TG393 
region, indicating a possible recombinational hotspot. 
Although we did not include the marker CT65 in our 
pooled-sample mapping or our genomic physical map- 
ping analysis, we can estimate the physical/genetic rela- 
tionship for the region between CT65 and CT120A at 
about 70-103 kb/cM from the YAC map, using the 
Tanksley et al. (1992) value of 2.4 cM for the genetic 
distance between these markers. 

Discussion 

We are focusing our efforts on isolating male sterile 
genes from spontaneous mutants using a map-based 
cloning approach. Here we report the genetic and 
physical characterization of the tomato chromosomal 
region that harbors one such gene, ms14, and the isola- 
tion of this region on a YAC. In addition, we show that 
the relationship between physical and genetic distance 
changes abruptly in this region and propose that the 
region between two msl4-1inked RFLP markers is a re- 
combinational hotspot. 

Genetic maps 

Our goal is to clone the gene responsible for the msl4 
phenotype in tomato by map-based cloning. Although 
RFLP and classical genetic maps were available for all 
the tomato chromosomes when this study was initiated 

Fig. 4 Physical map of YAC 2/279. Agarose-encapsulated chromo- 
somes were partially digested with rare cutter restriction enzymes, 
separated on CHEF gels and analyzed by Southern blotting. A map 
was constructed after sequential hybridization with probes specific 
for the left and right ends of the YAC vector. RFLP markers CT65, 
CT120A, TG393 and TG104 were subsequently hybridized to the 
blots and placed on the map. The RFLP markers are located within 
the regions represented by the black bars. The genetic distance 
between markers (in cM, drawn to scale) appears below the physical 
map. The asterisk indicates the genetic distance obtained by 
Tanksley et al. (1992); all other values were determined in this study. 
The enzymes EagI (E), FspI (F), MluI (M), NruI (R), SalI (S) and Sill 
(I) were used 
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(Zamir and Tanksley 1988), only one link between the 
morphological and RFLP  maps of chromosome 11 had 
been reported (Sarfatti et al. 1989). Since RFLP maps 
and classical maps are based on different populations 
and the map positions of individual markers can differ 
considerably in statistical accuracy, analysis of RFLP 
and phenotype segregation must be done in the same 
population to find those molecular markers that are 
most closely linked to the phenotype (see Weide et al. 
1993; Balint-Kurti et al. 1995; Giovannoni et al. 1995). 
We find that ms14 is located in the middle of the 2.3 cM 
region between CT120A and TG393 using pooled- 
sample analysis (Churchill et al. 1993) on a backcrossed 
population of 220 male sterile plants. 

Physical maps 

We constructed physical maps of the RFLP loci that 
flank the ms genes in order to calculate the average 
physical/genetic relationship for this chromosomal re- 
gion and to estimate the feasibility of a chromosome 
walk without additional markers. Our mapping results 
suggest that single digests can be misleading due to the 
presence of co-migrating fragments. We found that 
what initially appeared to be one 275 kb EagI fragment 
carrying four msl4-1inked markers was actually three 
different 275 kb EagI fragments: one carries TG26, one 
has CT120A and one contains TG393 and TG104. 
Wing et al. (1994) also report co-migration of fragments 
(175 kb MluI) bearing markers flanking the jointless 
locus which were detected after double digests were 
conducted. The general assumption has been that 
physical linkage is indicated by hybridization of 
linked loci to large fragments produced from single 
digests. In view of our findings and those of Wing 
et al. (1994), it would seem that double digest analysis 
can avoid the risk of miscalculating the average 
physical/genetic relationship for a chromosomal region 
and better estimate the feasibility of a chromosome 
walk. Using this approach, we determined that the 
ms14 gene is located in the middle of the ~300 kb 
region bounded by CT120A and TG393, making 
a chromosomal walk to the gene from either flanking 
marker feasible. 

Since the enzymes we used for the genomic physical 
mapping are all methylation sensitive, the patterns of 
restriction sites represent the methylation state of the 
genome for a particular developmental stage. We found 
a clustering of the methylation-sensitive restriction sites 
FspI, MluI, NaeI, NruI, and SalI associated with the 
TG393 and TG104 loci, suggestive of CpG-like islands 
(see Fig. 3A). CpG islands are defined as sequences of 
0.2 3.0 kb with high GC levels and unmethylated CpG 
doublets (Bird 1987; Larsen et al. 1992). In mammals, 
CpG islands overlap the transcription start site of all 
housekeeping genes and include the transcription start 
site or other parts of the transcription unit in approx- 

imately 60% of genes that are expressed in a tissue- 
specific manner (Larsen et al. 1992). CpG islands are 
present in plants and although plants also possess 
methylated CpXpG sequences (unlike vertebrates 
where cytosine methylation is confined to CpG), un- 
methylated CpXpG sequences are not as frequently 
associated with CpG islands (Antequera and Bird 1988; 
Messeguer et al. 199l). Recently, Larsen et al. (1992) 
identified additional rare-cutter enzyme sites that con- 
tain all four bases (e.g., MluI which recognizes the 
sequence ACGCGT) in addition to sequences com- 
posed exclusively of C and G in known CpG islands 
and classified them with respect to the frequency of 
their appearance. Several of these sites are present 
around TG393 and TG104 and additional methyla- 
tion-sensitive enzyme sites also cluster near these loci, 
suggesting that CpG islands are closely associated with 
them or, at the least, that this chromosomal region is 
undermethylated in leaves of the young seedlings used 
for this analysis. 

The relationship between physical and genetic distance 

The tomato genome is 950 megabases long (Arumuga 
nathan and Earle 1991) and recent calculations of the 
average physical distance per cM in tomato give values 
of 750 kb/cM (Tanksley et al. 1992) and 900 kb/cM 
(Paterson and Wing 1993). The actual relationship be- 
tween genetic and physical distance has been examined 
in several regions of the tomato genome. On chromo- 
some 5, in the region around the Pro locus, Martin et al. 
(1993b) estimated ~1088 kb/cM between RFLP  TG 
538 and another marker about 0.4 cM away. Van 
Daelen et al. (1993) found three genetically inseparable 
markers that each showed completely different restric- 
tion maps with no fragments in common (some greater 
than 2000 kb in size) after digestion with nine different 
enzymes for the region around the Mi locus, located 
near the centromere on chromosome 6. In contrast to 
these results, Segal et al. (1992) report a value of only 
43 kb/cM for the 4.1 cM region on chromosome 11 that 
is distal to the I2 locus, while estimates of ~200 kb/cM 
were made for the regions containing the tin, nor (chro- 
mosomes 5 and 10, respectively; Giovannoni et al. 
1995) and jointless (chromosome 11; Wing et al. 1994) 
loci. 

We have suggested a maximum value of ~24 kb/cM 
between TG104 and TG393. This value is comparable 
to the 43 kb/cM suggested for the region between 
TG105 and TG26 (Segal et al. 1992), located about 
8.6 cM from TG393. However, our analysis also pre- 
dicts a kb/cM value at least 4.4 times greater for the 
chromosomal region between CT120A and TG393 
which lies within the section bounded by the TG26 and 
TG393 loci (see Fig. 1). This suggests that the TG393- 
TG104 sector and the TG105-TG26 region may be 
"hot spots" with elevated recombination values. "Hot 
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spots" are thought to occur in euchromatic regions of 
the chromosome where actively transcribed genes are 
located, whereas in heterochromatic regions, such as 
those surrounding centromeres, recombination is be- 
lieved to be suppressed. In tomato, studies seem to 
support this idea. Values in excess of 4 Mb/cM have 
been reported for genes located in centromeric 
regions (Ganal et al. 1989b; Van Daelen et al. 1993) 
while values for loci distant from these regions are 
lower by an order of magnitude or more (e.g. 
Giovannoni et al 1995; Wing et al. 1994; Segal et al. 
1992). If "hot spots" are located in euchromatic 
regions, is their increased recombination rate due to 
a concentration of genes in the region or to other 
factors responsible for maintaining the euchromatic 
state? Data is not yet available that indicates whether 
recombination occurs only within the genes located in 
"hot spots" or whether intergenic regions can also serve 
as breakpoints for recombination. In plants, only one 
example of a region with a large kb/cM value that is 
juxtaposed to a region with a notably smaller value has 
been reported (Civardi et al. 1994). We have 
documented a second occurrence of significant change 
in the physical/genetic relationship within a small chro- 
mosomal region in a plant genome. This abrupt change 
has enabled us to isolate a single YAC (2/279) with an 
insert of ~610 kb that corresponds to ~7 cM in the 
genome. 

msl4 gene identification 

Our genetic and physical mapping indicates that the 
msl4 gene is located on YAC 2/279 in the ~300 kb 
region between CT120A and TG393. We are currently 
attempting to localize the position of msl4 precisely 
within this region by conducting a walk from CT120A 
to TG393 in a cosmid library prepared from YAC 
2/279, We are concurrently screening a cDNA library 
constructed from anthers representing premeiotic to 
free binucleate microspores using YAC 2/279 as a 
probe, cDNA screening with YAC clones has been used 
successfully to identify target genes in Arabidopsis 
(Arondel et al. 1992; Chang et al. 1993) and tomato 
(Martin et al. 1993a). 
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